We experimentally determine the effective nonlinear second-order susceptibility of gold over the visible spectral range. To reach that goal, we probe by vibrational two-color sum-frequency generation spectroscopy the methyl stretching region of a dodecanethiol self-assembled monolayer adsorbed on a gold film. The sum-frequency generation spectra show a remarkable shape reversal when the visible probe wavelength is tuned from 435 to 705 nm. After correcting from Fresnel effects, the methyl stretching vibrations serve as an internal reference, allowing to extract the dispersion of the absolute phase and relative amplitude of the effective nonlinear optical response of gold in the visible range. Published by AIP Publishing. https://doi
I. INTRODUCTION
Gold is used for a broad range of applications owing to its excellent chemical stability and high biocompatibility. This universality explains why gold has long been a choice substrate for nonlinear optical studies, both experimental 1 and theoretical. 2 However, its optical and plasmonic properties are complicated by strong and broad interband transitions below the plasma frequency, and fully understanding the nonlinear optical response of gold remains a challenge. Solving this complex case may therefore lay the foundations for new theoretical models and have broad applications to various systems involving metallic structures, from bulk to thin films and nanoparticles.
By and large, the majority of previous nonlinear optical studies on metallic surfaces have been conducted using second-harmonic generation (SHG) and focused on separating the various contributions to the experimental data by varying the polarizations 3 or angles of incidence 4 of the beams and the azimuthal orientations 5 of single crystals. By contrast, few experiments have investigated the nonlinear spectroscopic behavior of transition metals in the visible range, [5] [6] [7] [8] [9] owing to the additional experimental challenges: wavelength tunability of the laser source and broad spectral range detection. In addition, quantitative spectral analysis requires an absolute scale, which is difficult to achieve as visible and SHG wavelengths span the whole of the visible and part of the near-UV spectrum.
More recently, a number of infrared-visible sumfrequency generation (SFG) studies have also been conducted on gold, using it mostly as a substrate for investigating the molecular properties of adsorbed soft matter (mono)layers.
In such experiments, only the infrared wavelength is tuned and the nonlinear signals from gold and molecular layers interfere in the SFG vibrational spectra. 10, 11 Depending on the information sought, several strategies have been used to either remove the substrate contribution using broadband femtosecond setups 12, 13 or obtain phase information from the interference pattern between gold and molecular contributions. 10, 14 Alternatively, phase sensitive SFG experiments provide direct access to the absolute phase of the complex nonlinear response. 15 The first report of a dispersion study of the nonlinear response from a gold surface measured by two-color (2C) SFG was conducted more than ten years ago. 16 Up to now, only few groups have implemented and routinely used a tunable visible arm in their SFG setup. [17] [18] [19] In principle, using a 2C-SFG setup, it should be possible to directly measure the absolute amplitude of the second-order nonlinear response of gold as a function of the tunable visible wavelength. Matranga et al. 8 have stressed the importance of conducting absolute measurements for the extraction of the nonlinear properties of metals. However, the intensity measured as the output of the 2C-SFG spectrometer encompasses several experimental factors that depend on the visible wavelength (laser beam propagation and overlap, detection efficiency). The dispersion of the SFG intensity in the visible range may therefore not be used straightforwardly and requires a proper intensity calibration of the setup. Some authors calibrate the intensities with an external reference sample (e.g., z-cut quartz), but this method requires to know the value of the nonlinear susceptibility of this reference sample as a function of the visible wavelength. For SHG experiments, they usually make use of Miller's rule in order to estimate this missing parameter. 8 However, this rule remains approximate, especially toward the high energy end of the visible spectrum (which happens to correspond to the region where the efficiency of our detection system decreases) and has not been extensively tested for SFG experiments. In addition, such a calibrated 2C-SFG measurement on a gold surface would provide only the amplitude of the gold response, without any information on the phase.
To avoid these complexities, Ishibashi and Onishi 20 have adopted a new strategy to determine the dispersion of the SFG intensity of a gold substrate. Instead of using the gold contribution as a background for an adsorbed molecular layer, as is usually the case, 21 they calibrated the former with respect to the SFG response emitted by the latter used as an internal reference. This approach is justified by considering that the molecular nonlinear SFG susceptibility near a vibration mode is a complex Lorentzian function proportional to the antiStokes Raman cross section and infrared transition moment of that mode. 22 Therefore, it will not vary with the visible wavelength, provided that the Raman cross section does not become resonant nor pre-resonant (i.e., there is no molecular electronic transition in the visible and near-UV), and this is indeed the case for an alkanethiol. The advantages of this approach are that it avoids detection problems and characterization of the incoming beam intensities. In addition, as a consequence of the interference between resonant and non-resonant parts, the absolute phase information is also retained. Moreover, this additional parameter, specific to SFG and difference-frequency generation (DFG) among secondorder nonlinear spectroscopies, helps us to further discriminate between the various parameter sets during data fitting 23 and imposes strong constraints on the theoretical modeling of the effective nonlinear susceptibility of gold, as the models should account for the experimental amplitude and phase instead of the amplitude alone. 8 In this work, we analyze the two-color IR-visible SFG response of a polycrystalline gold layer functionalized by a dodecanethiol (DDT) monolayer. We show that molecular orientation and Fresnel factors must carefully be taken into account in order to analyze the dispersion of the molecular contribution toward SFG. Using this corrected molecular response to normalize the SFG signals of gold, we determine the effective gold nonlinear contribution by its amplitude line shape and absolute phase, as a function of the wavelength of the visible incoming beam tuned between 435 and 705 nm.
II. EXPERIMENTAL METHODS

A. Sum frequency (SFG) measurements
The SFG experimental setup has been described previously. 18, 24 A picosecond Nd:YVO 4 (∼10 ps pulse width, 62.5 MHz repetition rate, 1.064 µm wavelength) fundamental laser beam is amplified after temporal shaping in trains (125 pulses per 2 µs long train, repetition rate 25 Hz) by an acousto-optic modulator. The amplified output beam is then split into two in order to synchronously pump an infrared and a visible optical parametric oscillator (OPO), respectively. The IR-OPO is built around a LiNbO 3 crystal and pumped by the fundamental laser beam. The signal beam oscillates inside a cavity synchronized with the pulse repetition rate. In the present experiment, the output beam (idler) wavelength varies between 3.3 and 3.6 µm, with a bandwidth reduced to 2 cm 1 by a Fabry-Perot etalon located inside the cavity. The visible OPO is pumped by the third harmonics (355 nm) of the fundamental obtained after passing through a third harmonic generation stage composed of a β-barium borate (BBO) and a lithium triborate (LBO) crystal. The cavity is again synchronized with the repetition rate, and the oscillating signal, collected by a semi-transparent mirror, constitutes the visible laser output, tuned here between 435 nm and 705 nm. Both the IR and visible wavelengths are independently tunable. Both beams are mixed at the surface of the functionalized gold sample, with angles of incidence of 65 • and 55 • for the IR and visible beams, respectively. The three beams involved (SFG, visible, IR) are linearly p-polarized. The SFG signal is collected in reflection geometry and measured by a photomultiplier after spectral and spatial filtering through low pass filters and a double stage monochromator. A reference line collects in parallel the SFG photons produced in the bulk of a ZnS crystal, which are used to normalize the point-to-point laser fluctuations. SFG spectra are then recorded at the desired visible wavelength as a function of the IR wavelength.
B. Surface and SAM preparation
The substrate is a thin gold layer (250 nm) deposited on fused silica glass (Arrandee), cleaned first with acetone and ethanol, and then by butane flame annealing in order to improve the surface structure. Such a preparation scheme improves the homogeneity of the gold surface, leading to a surface organized mainly in (111) domains. It is well-known that such domains favor the growth of compact alkanethiol self-assembled monolayers (SAMs), inside which the interactions between neighboring alkane chains give rise to long range order with very few gauche defects. After immersion into a 10 3 M solution of dodecanethiol (DDT, Sigma Aldrich) in absolute ethanol (Sigma Aldrich) for 24 h, the DDT-functionalized sample is thoroughly rinsed in ethanol and dried under nitrogen flux before recording the SFG spectra in air.
III. THEORETICAL BACKGROUND AND DATA ANALYSIS
The SFG intensity radiated by a surface 25 in a ppp configuration is given by
where θ SFG is the angle of emission of the SFG beam in reflection, defined by the phase matching condition ω SFG sin θ SFG = ω vis sin θ vis + ω IR sin θ IR , while I p (ω) stand for the beam intensities at frequency ω and the refractive index of air is set to unity. The nonlinear second-order susceptibility tensor χ (2) eff encompasses all the contributions to the SFG intensity in our system: a surface term from the molecules (χ (2) eff,mol ) and one (mixing surface and bulk terms, χ (2) eff,gold ) from gold, which are both modeled by a complex number varying in a general way with the visible (ω vis ) and infrared (ω IR ) frequencies. As explained in the Introduction, the molecular term solely depends on ω IR , whereas the gold term varies with ω vis and ω SFG .
Interferences between gold and molecule contributions arise as a consequence of the summation of the χ (2) eff amplitudes, whereas only the intensities are experimentally measured
(1b)
As a consequence, a fitting stage of the experimental spectra is required to separate them. The SFG signals experimentally measured are proportional to the radiated intensity, taking into account an experimental, wavelength dependent, efficiency factor of the detection part of the setup. We first focus on the molecular term, whose amplitude and phase must be determined over the probed infrared spectral range, as it serves as the internal reference for the effective gold contribution. According to symmetry rules applied to the in-plane isotropic surface, only components zzz, xxz, zxx, and xzx of the χ (2) eff,mol tensor do not cancel out in a ppp configuration, where (z) defines the surface normal ( Fig. 1) and (x) defines the axis common to the surface and the plane of incidence (in other words, p⊥ and p , 3, 26 respectively). This effective quantity includes projections along the coordinate axes and accounts for the actual local values of the electric fields as a consequence of transmission and reflection at the interfaces,
We note here that data analysis would have been much simpler if the ssp experimental configuration had been used. 25 However, in this case, the recorded SFG signals would have been too low, especially on the blue side of the spectrum, preventing an accurate determination of the gold response over the whole visible range. The definitions of Fresnel factors F x and F z are given in the supplementary material. 25 As for the complex refractive index of gold in the visible and the infrared, we have compared several sources (see the supplementary material for details) and chosen the tabulated data from a template-stripped gold film. 27 As a consequence of the very high refractive index of gold in the infrared, only the z-component of the incoming infrared electric field is not screened above the surface. In other words, F xzx and F zxx have very small values 28, 29 (see the supplementary material for details), and xzx and zxx contributions may therefore be neglected in the following analysis.
In the probed infrared range, the terminal methyl moiety of DDT represents the dominant source of vibrationally resonant SFG in the molecular layer. The methylene signals cancel out for symmetry reasons in the absence of gauche defects, which is the case when the monolayer structure is close to a perfect SAM. The methyl groups produce three distinct vibrational features in the SFG spectra recorded in the CH stretching region, originating from the symmetric (ss) and antisymmetric (as) stretches, and a Fermi resonance (FR). In order to evaluate the relative weight of xxz and zzz for each resonance in χ (2) eff,mol,ppp , we express these contributions as a function of the microscopic hyperpolarisability tensor β related to the CH 3 group. Under usual approximations (i.e., an isotropic surface, a unique molecular tilt angle with respect to the film normal, and visible wavelengths far from electronic resonances), it is well known that the CH 3 group, considered as a C 3v symmetric moiety, has three independent hyperpolarisability components: β ccc , β aac , and β aca , 30 where (c) is the symmetry axis of the methyl and (a) is an axis perpendicular to (c) in one of the three planes of symmetry. 31 They are related to the second-order susceptibility by the following laws:
zzz (ss) = Nβ ccc r a/c cos θ CH 3 + (1 − r a/c )cos
xxz (as), (5) where θ CH 3 is the CH 3 tilt angle measured between molecular (c) and laboratory (z) axes, N is the surface density of CH 3 groups, and r a/c stands for β aac /β ccc . Owing to the origin of the Fermi resonance, here we assume that its behavior is identical to that of the symmetric stretch. 32 The overall molecular contribution follows
with χ
eff,mol,ppp (ss) ≈ χ
zzz (ss)F mol (ss,FR),
zzz (ss) is a function of r a/c and θ CH 3 , and
zzz (as)F mol (as).
Thus, for the total molecular contribution χ
eff,mol,ppp ≈ χ 
zzz (as)F mol (as). (7) Finally, the molecular hyperpolarizabilities β and therefore intrinsic χ (2) (ss/FR/as) are described in the harmonic oscillator approximation 22 by a complex Lorentzian function, with a real numerator proportional to the infrared transition moment and anti-Stokes Raman amplitude, but independent of the visible wavelength.
Figures 2(a) and 2(b) show the evolution of the molecular F xxz and F zzz as a function of the visible wavelength. We immediately see that they do not share a common modulus and phase. As a consequence, the xxz and zzz contributions to the molecular χ (2) cannot have the same phase during the fitting procedure, as is often done. This makes the fitting part even more complex, as has been shown in the past. 23 As for the (relative) phases between the three vibration modes, we may estimate them directly from Eq. (7), provided that quantity R (or r a/c and θ CH 3 ) is known.
Using Eq. (7) and its counterparts for the other nonvanishing polarization contributions allows us to estimate the CH 3 tilt angle from experimental data, either by combining SFG measurements recorded for several polarization combinations 25 or several angles of incidence 33 or by comparing symmetric and antisymmetric stretches intensities. 32 In all cases, several parameters must be determined in order to complete the analysis, including the ratio r a/c , the ratio r A/S = β aca /β ccc , and the index of refraction of the molecular layer. Their values have a strong impact on the final results. We unfortunately find that there is no agreement on this point between various published articles, as the parameter values chosen in the literature depend on the nature of the molecule and on the method used to calculate them. For instance, several authors have used the bond additivity model, 31, 34 while others prefer ab initio [35] [36] [37] or molecular dynamics methods 38 or link r a/c to Raman experimental depolarization ratios. 39 As a result, the values tabulated for r a/c in the literature range from 1.2 to 3.4. 25, 32, 40, 41 Furthermore, for the r A/S ratio, existing controversy regarding the accuracy of the various methods 41 leads to an even wider range between 0.4 and 4.5. 34, 36, 40, 41 In the present study, we do not have sufficient information on the structure of our films to resolve the debate on these values nor to estimate the tilt angle for the CH 3 group. We therefore rely on a general analysis that takes into account broad distributions for the values assigned to r a/c and θ CH 3 .
First, we allow the ratio r a/c to vary between 1 and 4 and the CH 3 tilt angle to range from 10 • to 60 • (the most commonly encountered values lie around 50 • ) in order to evaluate the consequences of this choice on the molecular response of the monolayer on gold. Figure 3 shows the evolution of R in this range of parameters.
As R lies in the range of [0.89; 3.63], we use these values as limits to calculate (see the supplementary material for details) the modulus and phase of the molecular Fresnel contribution for the methyl symmetric stretching mode. In order to refine the analysis, we consider the two most popular values for r a/c (2.5 34 tilt angle, and that the modulus [ Fig. 2(d) ] keeps a constant line shape while its absolute amplitude remains in the same range of magnitudes. For these reasons, we conclude that the Fresnel contribution to the symmetric stretch does not heavily depend on the values chosen for R (i.e., r a/c and θ CH 3 ). Therefore, for our analysis below, we use a mean value of F mol (ss, FR). We will thus be able to simulate an average molecular response and film structure.
When several SFG spectra are recorded with a tunable visible wavelength, as shown in Fig. 2(d) , the phase shift between symmetric and antisymmetric stretches changes from 50 • to almost zero from blue to red. This effect must be taken into account in the curve fitting, while caution is required when fitting SFG spectra with out-of-phase resonances, 23 as will be detailed below.
The phase shift tends toward zero at long visible wavelengths. As a consequence, broadband ppp SFG spectra recorded on alkanethiol monolayers on gold in usual conditions (visible wavelength close to 800 nm) may be fitted with all CH 3 resonances in phase. Furthermore, at such wavelengths, the refractive indices of gold for visible and SFG beams become almost imaginary, creating a 90 • phase shift between F x and F z contributions. F xxz and F zzz thus present a 180 • phase difference, which explains that the phase of F mol remains constant whatever the weights of F xxz and F zzz . On the contrary, this is not valid for most picosecond setups, for which the visible beam wavelength is set at 532 nm, corresponding to a phase shift around 40 • .
In a practical way, we fit the SFG spectra according to Eq. (8)
, (8) where ω i and Γ i stand for the resonance frequencies damping constants of the vibration modes, respectively. The summation runs over the three CH 3 modes, represented by Lorentzian functions. The experimental profiles result from the convolution between the intrinsic Lorentzian profiles and a Gaussian distribution due to both experimental resolution and inhomogeneous broadening, 42 resulting in a so-called Voigt profile.
The signal-to-noise ratio of our experiments makes Voigt and Lorentzian profiles undistinguishable. 43 The nonlinear gold contribution (often called nonresonant, NR) is expressed in terms of modulus A and phase φ, which are both dependent on the visible and SFG wavelengths. The three vibrational amplitudes B i are complex numbers and B as is out of phase with B ss and B FR . We impose a null phase to the symmetric stretch contribution B ss during the fits, in order to set the origin of the phases. Once the molecular effective nonlinear susceptibility is extracted from the experimental data by curve fitting, the contributions from the three vibrations are then separated and appropriately weighted in amplitude and in phase.
In the final step, we may therefore use any vibration mode, for example, the symmetric stretch, as the internal reference. By rewriting the full ppp effective second-order susceptibility, and retaining only the ss contribution, we obtain χ (2) eff,ppp = F mol (ss) χ (2) zzz (ss) + F gold χ (2) gold .
From the theoretical analysis, we know that the Lorentzian amplitude of the zzz component of χ (2) has a vanishing phase. In order to link it to experimental data fitting, we write
gold e −i arg (F mol (ss)) .
Thus, the amplitude of the effective nonlinear susceptibility of gold is obtained as
zzz (ss) F mol (ss) ,
where χ (2) zzz (ss) is an unknown and dispersionless constant, and its absolute phase is determined by arg F gold χ (2) gold = φ + arg (F mol (ss)).
In the following, we present the experimental SFG results and analyze them as detailed above in order to extract the quantities defined in Eqs. (11) and (12), and their evolution over the visible range. Figure 4 displays the SFG spectra recorded as a function of the IR wavenumber for 15 visible wavelengths. All the spectra display the expected three CH 3 vibration modes from the terminal methyl group of the adsorbed DDT molecules, identified as the symmetric stretch (ss, 2875.2 cm 1 ), antisymmetric stretch (as, 2962.0 cm 1 ), and Fermi resonance (FR, 2935.5 cm 1 ). No clear signal arises from the CH 2 groups of the alkane chain, indicating a long range order inside the DDT monolayer, with few gauche defects, 36 which means that the thiol molecules adopt indeed a SAM structure on the surface. The vibrational features interfere with the gold contribution, which appears as a constant baseline on the spectra. The rather drastic evolution in the vibrational line shape from blue to red indicates a change in both the phase shift and the amplitude ratio between the monolayer and gold contributions while scanning the visible range. Recording the full spectra allows determining these two quantities after curve fitting.
IV. RESULTS
The sets of fitting parameters, one for each spectrum, must remain coherent over the whole visible range (in particular, the resonance frequencies and widths must be identical for all FIG. 4 . SFG spectra of the system Au/DDT. The SFG intensity is recorded as a function of the IR wavenumber for the 15 visible wavelengths (λ vis ) indicated on the graph then corrected for incoming visible intensity, photomultiplier efficiency, and (ω SFG ) 2 . The spectra are offset for clarity, each spectrum is displayed full scale in order to easily visualize the resonant features, along with model fits using Eq. (8). spectra). As detailed in the supplementary material, the fits have been performed in several stages, during which some parameters were kept constant as they were determined during previous steps. We have also relied on the phase values reported by several other studies at 532 nm and cross-checked these by either comparison to DFG 14 or phase-sensitive measurements, 15 which were all around 90 • at this wavelength. In the final step, the ratios of the amplitudes and the phase shifts between the three modes were kept fixed to a constant value modulated by F mol for all spectra, as displayed in Figs. 2(c) and 2(d). In this way, it becomes possible to compare the nonresonant modulus and phase to that of any of the three vibration modes. We chose the symmetric stretch as in Eqs. (9)- (12) . The corresponding fitting curves appear in Fig. 4 , whilst the main fit parameters (A, B ss , and φ) are shown in Fig. 5 together with the original values of Ishibashi and Onishi 20 For completeness, a list of all fit parameters may also be found in the supplementary material and show good agreement with those previously reported.
As explained in the previous part, Fig. 5 displays the amplitudes and phases of the molecular and gold contributions to the spectra as experimentally measured. In order to determine the true amplitude and phase of the gold contribution, we use Eqs. (11) and (12) to get rid of the influence of factor F mol . The value deduced for F gold χ (2) gold is displayed in Fig. 6 in terms of modulus and phase. The amplitude consists of a slowly growing background (from blue to red), on top of which a broad maximum raises it by a factor of of a surface state, (ii) the dispersion of Fresnel factors for the gold substrate, and (iii) the intrinsic bulk and surface nonlinear response of gold. Yet, it is also conceivable that these may all work together. As a first approximation, the observed behavior may be qualitatively described by the sum of a free electron term, which should increase in magnitude toward the red end of the spectrum, and a bound electron term, resonant with interband transitions. These start around 620 nm 44 and extend toward the blue region, meaning that, in all our experiments, at least one of the beams excites them. Such a crude explanation favors points (ii) and (iii), even if it does not directly account for the decrease in amplitude toward the blue end of the spectrum. On the contrary, Ishibashi and Onishi 20 have shown the consistency of their data with the excitation of a phenomenological surface state, i.e., point (i), even if Fresnel effects were not included. This shows that a dedicated analysis of the nonlinear activity of gold in the visible range is required in order to settle this debate.
As for the phase, it may be treated as an almost complete sign reversal over the visible range. This phase parameter becomes very discriminating when comparing experimental data to the models used to describe the nonlinear response of gold. It is in fact more informative to experimentally measure both the absolute phase and the amplitude line shape, compared to the absolute modulus alone.
V. SUMMARY AND CONCLUSIONS
We have shown that it is possible to experimentally measure the effective nonlinear susceptibility of gold in a SFG experiment as a function of several different wavelengths over the visible range. By using an adsorbed self-assembled monolayer as an internal reference, we have removed all complexities related to incoming beam intensities and detection efficiency. In addition, we have gained additional information through the phase, due to the interference between molecular and gold contributions. In order to extract the appropriate quantities from experiment, rigorous care must be taken when considering the molecular properties and Fresnel factors, and data fits must remain consistent between all spectra.
The results in Fig. 6 constitute the main experimental result of this paper and the basis of the analysis of the sources of nonlinearities inside gold which may give rise to these quantities. In order to analyze and interpret the data of Fig. 6 further, a global approach is required which integrates the three causes outlined above, with a careful estimation of the respective weightings of the various contributions from the components of the surface and bulk gold nonlinear activity, scaled by their respective Fresnel activities. In Paper II, 45 we present a detailed theoretical analysis of the origin of the measured nonlinear effective activity from the gold surface and bulk, in order to compare it to the results presented here.
SUPPLEMENTARY MATERIAL
See supplementary material for additional data and methods about the choice of the bibliographical sources for the refractive index of gold, the dispersion of molecular Fresnel factors over the visible range, details and parameters for curve fitting and data scaling, and comparison of our results with the existing literature.
